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Searching for Signatures of Quantum Gravity in Quantum Gases.
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The Australian National University, Canberra, Australia
We explore the possibility of testing the quantum nature of the gravitational field with an ensemble
of ultra-cold atoms. The use of many microscopic particles may circumvent some of the experimen-
tal obstacles encountered in recent proposals involving a pair of particles with mesoscopic mass. We
employ multi-parameter estimation techniques, including the quantum and classical Fisher informa-
tion to provide a criteria for the observability of the quantum effects, and compare to other recently
proposed schemes. Crucially, we find that by preparing the appropriate initial state, interactions
mediated via a quantum-valued gravitational field provide a signature that is distinct from classical
gravitational interactions. We find that a test with ultra-cold atoms would be challenging, but not
implausible with moderate improvements to current experimental techniques.
While a full theoretical quantum treatment of quantum
gravity remains elusive, effective quantum field theories
of gravity have been developed, by treating the quan-
tum field as a perturbation from the classical solution
[1–3]. Low-energy laboratory-scale experiments are well
within this perturbative regime [3]. However, whether or
not the the gravitational field displays quantum proper-
ties, that is, if a quantum treatment is required at all,
is a question that demands experimental resolution [4],
with several proposed theories stating that the gravita-
tional field may be fundamentally classical [5–8]. There
have been several recent proposals for laboratory scale
experiments to discriminate between these theories and
a theory with a quantised gravitational field [3, 7–13], and
experiments that rule out classes of semi-classical gravity
[14, 15]. Recently, it has been argued that if the grav-
itational interaction between two quantum systems can
create entanglement, then the gravitational field must
act as a quantum mediator [7, 8, 16–18]. This principle
is the basis of recent experimental proposals for testing
this phenomenon by searching for gravitational induced
entanglement between two freely-falling micron-sized test
masses [19, 20], and more recently, optomechanical sys-
tems [21, 22]. While these proposals are feasible with
a modest improvement in current experimental capabil-
ities, there are still significant experimental challenges
associated with them. As such, it is worth exploring if
the differences that other systems provide can prove ad-
vantageous.
In this paper, we investigate the gravitational inter-
action amongst an ensemble of ultra-cold atoms. Ultra-
cold atoms potentially provide a number of advantages
over other systems when performing ultra-precise mea-
surements. Of particular relevance is that the response
of an atom to electromagnetic and gravitational fields is
fundamentally locked to physical constants, which pro-
vides a long-term stability which no macroscopic system
can. This property differentiates atoms from quantum
systems formed from a particular macroscopic objects,
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such as a nano-diamond or a micro-mechanical oscilla-
tor, where the mass or spring-constant may have a slight
drift over the duration required to collect sufficient ex-
perimental statistics. This is of particular importance
when searching for a weak effect that will require a large
number of repetitions, and is the reason why atoms are
the system of choice for atomic clocks and ultra-precise
gravimeters [23, 24].
Bose et al. [19] and Marletto and Vedral [20] have pre-
viously shown that quantum entanglement between two
systems which is generated by the gravitational field is
indirect evidence of quantum gravity. Here, we take a
slightly different approach, which is to consider how the
effect of a quantum valued gravitational field would dif-
fer from a classical valued field. We note that in our
approach, the presence of a quantum-valued field results
in a Hamiltonian that can generate entanglement, while
the Hamiltonian resulting from a classical-valued gravi-
tational field cannot, implying logical consistency of our
approach with the entanglement witness approaches. We
find that if the gravitational interaction is mediated by
a quantum-valued gravitational field, it presents differ-
ent signatures to that of a classical-valued gravitational
field. By carefully engineering the many-particle quan-
tum state of the system, we can maximise the effect of
the observability of these signatures. Other than the use
of many particles, an important difference between this
work and the work of Bose et al. [19] and Marletto and
Vedral [20] is that instead of searching for an entangle-
ment witness, we formulate the experiment as a multi-
parameter estimation problem, which, in principle allows
us to search for arbitrarily weak interactions by perform-
ing many repetitions of the experiment. Crucially, we
show that classical theories of gravity, and decoherence
effects, produce a signatures in the measured probability
distribution that are distinct from what an interaction
mediated by a quantum-valued gravitational field pre-
dicts.
2I. GRAVITATIONAL INTERACTION FOR AN
ENSEMBLE OF TWO-LEVEL ATOMS
We assume an ensemble of ultracold bosonic atoms
with two electronic states |a〉 and |b〉. Following [19, 20],
rather than attempting to present a quantum descrip-
tion of the gravitational field, we describe the gravita-
tional interactions between the particles directly. The
contribution to the Hamiltonian due to the gravitational
interaction energy is given by
HˆG = −1
2
Gm2
∫ ∫
: nˆ(r)nˆ(r′) :
1
|r− r′| d
3
r d3r′, (1)
where m is the mass of each individual particle, and G is
Newtons constant for universal gravitation. The operator
nˆ is given by
nˆ(r) = ψˆ†a(r)ψˆa(r) + ψˆ
†
b(r)ψˆb(r) , (2)
and represents the total particle density, and ψˆj(r) is the
standard bosonic field operator annihilating a particle
from state |j〉 at point r, obeying the standard commu-
tation relations[
ψˆi(r) , ψˆ
†
j (r
′)
]
= δijδ(r − r′) , (3)
and ‘::’ denotes normal ordering. We have ignored the
post-newtonian correction and first quantum correction,
as for our system they are of orders 10−40 and 10−57
smaller [3]. It is important to note that in writing Eq. (1),
we have implicitly assumed that the gravitational field
can be quantum valued. Assuming that the interaction
between the atoms is mediated by a gravitational field
(i.e., not a direct non-local action at a distance), this
field must be quantum valued. Specifically, Eq. (1) can
be re-written as
HˆG =
m
2
∫
: nˆ(r)ΦˆG(r) : d
3
r, (4)
where
ΦˆG(r) = −Gm
∫
nˆ(r′)
1
|r− r′| d
3
r
′, (5)
is the (operator valued) gravitational potential due to
source masses at location r′, and the factor of 12 removes
double-counting. That is, the the gravitational potential
is quantum valued as a result of the quantum uncertainty
in the location of the source masses.
Consider, in contrast, a classical -valued gravitational
potential ΦC(r), originating from some classical source.
Placing our quantum test-particles in this field results in
the gravitational potential
HˆC = m
∫
nˆ(r)ΦC(r) d
3
r. (6)
Clearly, this gravitational interaction energy can also be
quantum valued, but only due to the quantum-ness of the
(a) (b) (c) (d) (e)
Time
FIG. 1. Scheme for probing the gravitational interaction with
ultra-cold atoms. (a): An ensemble of two level atoms are
all prepared in state |a〉. (b): A state preparation unitary
operation Uˆ0 distributes the atoms between two modes, and
may create non-trivial quantum correlations. (c): The two
modes are spatially separated and evolve for time t under the
gravitational interaction IG. (d): A second unitary operation
Uˆ2 interferes the two modes, before the number in each mode
is measured (e).
location of the particles, rather than the quantum-valued
nature of the gravitational source (and therefore field) as
in Eq. (1). A theory of gravity that does not allow for
a quantum valued field would then be described by a
Hamiltonian such as Eq. (6), with the value of ΦC(r)
depending on how a classical valued field arrises from a
quantum distribution of source masses. For example, in
a semi-classical theory of gravity [5, 12, 25, 26],
ΦC(r) = 〈ΦˆG(r)〉. (7)
However, we do not restrict ourself to this case, and
simply consider any classical gravitational field, with-
out making any assumptions on how the value of ΦC(r)
is determined from the quantum distribution of source
masses. Our task is then to devise an experiment that
can distinguish between the effects of Eq. (1) and Eq. (6).
It has been shown that quantum entanglement can
only be generated via a quantum field [19, 20, 27, 28]. We
note that the Hamiltonian Eq. (1) is capable of generat-
ing entanglement between spatially separated particles,
while Eq. (6) can only perform local operations. There-
fore, although we are not explicitly searching for the pres-
ence of entanglement as the signature of quantum gravity,
distinguishing between the effects of two Hamiltonians,
one which is capable of generating entanglement, and one
which is not, is logically equivalent.
II. SCHEME TO SEARCH FOR SIGNATURES
OF QUANTUM GRAVITY WITH ULTRA-COLD
ATOMS
Our scheme is based on a standard Mach-Zehnder in-
terferometer, and is illustrated in Fig. 1. Each atom
is initially prepared in state |a〉, before being placed in
an equal coherent superposition of |a〉 and |b〉 at time
3t = 0 via a pi/2 pulse implemented via a radio-frequency
transition. The two components are then spatially sep-
arated via a state dependent potential. Alternatively,
if a two-photon Raman transition is used instead of a
radio-frequency transition, the need for a potential is re-
moved as the two components will separate due to the
momentum transfer of the Raman transition [29, 30],
which would remove any systematic error due to slight
uncertainties in the behaviour of the potential. After
evolving under the effects of the gravitational interaction
for time t, the two components are then brought back
together and recombined by a second pi/2 pulse [31], and
the number in each component is measured. Quantita-
tively, we describe the evolution as follows: The state
|Ψi〉 = Uˆ0|Ψ0〉 is prepared by splitting the initial state
into two components. We also allow for the possibility
that Uˆ0 may contribute additional operations during this
step, such as creating entanglement between the parti-
cles. The atoms interact gravitationally, via the inter-
action IG [|Ψi〉], which may be a unitary mapping, or
perhaps some operation that causes decoherence, before
a second unitary operation Uˆ2 is applied, and a measure-
ment Mˆ is made.
If the atoms in state |j〉 remain localised in spatial
mode uj(r, t), then its reasonable to make the approxi-
mation
ψˆj(r) = jˆuj(r, t) (8)
with [
jˆ, kˆ†
]
= δjk,
[
jˆ†, kˆ†
]
=
[
jˆ, kˆ
]
= 0 (9)
Inserting this into Eq. (1) gives
Hˆ = κaa(t)aˆ
†aˆ†aˆaˆ+ κbb(t)bˆ†bˆ†bˆbˆ+ 2κab(t)aˆ†aˆbˆ†bˆ (10)
where
κij = −1
2
Gm2
∫ ∫
|ui(r)|2|uj(r′)|2 1|r− r′| d
3
r d3r′ .
(11)
Meanwhile, making the same substitution in Eq. (6) gives
HˆC = vaaˆ
†aˆ+ vbbˆ†bˆ (12)
where
vj = m
∫
|uj(r)|2Φc(r) d3r . (13)
If the wavepackets remain spatially separated by signifi-
cantly more than their spatial extent for the majority of
the evolution, κab ≪ κaa, κbb. This means that the grav-
itational potential energy of the system will be larger
when all of the atoms are in one mode compared to
the case when they are evenly distributed across both
modes (and therefore occupying a larger volume). Set-
ting κaa = κbb = κ0, κab = 0, the unitary operator for
the evolution given by Eq. (10) is
UˆQ = exp
(
iαAˆ
)
. (14)
where α = κ0t/~, and Aˆ = aˆ
†aˆ†aˆaˆ + bˆ†bˆ†bˆbˆ. In this
case, the gravitational interaction is simply described by
IG [|Ψi〉] = UQ|Ψi〉.
Meanwhile, the unitary evolution operator resulting
from Eq. (10) is
UˆC = exp
[
i(βJˆz + γNˆ+)
]
(15)
where β = (vb − va)t, γ = −12 (va + vb)t, Nˆ+ = aˆ†aˆ+ bˆ†bˆ,
and Jˆz =
1
2 (aˆ
†aˆ − bˆ†bˆ), and IG [|Ψi〉] = UC |Ψi〉. If we
assume a mean-field gravity model, then Φ(r) = 〈Φˆ(r)〉,
and we can estimate the expected values of va and vb.
However, we do not restrict ourself to this case, and treat
these as unknown parameters to allow for the possibility
of other models of classical gravity. Our task of demon-
strating the quantum valued nature of the gravitational
field can now be summarised as inferring a non-zero value
of α, while distinguishing this from the effects of a pos-
sibly non-zero, unknown value of β and γ. Fortunately,
we can ignore γ, as for a fixed total number of particles,
this parameter results only in a global phase shift to the
state, which is undetectable. We therefore estimate the
smallest value of α that can be detected in the presence
of the unknown nuisance parameter β. We can place a
bound on our ability to determine the value of α by intro-
ducing the quantum Fisher covariance matrix [32], with
elements
Fi,j = 2 (〈∂iΨ|∂jΨ〉+ 〈∂jΨ|∂iΨ〉 − 2〈Ψ|∂iΨ〉〈∂jΨ|Ψ〉) .
(16)
for {i, j} = {α, β}. In general, the quantum Fisher co-
variance matrix resulting from the state
|Ψ〉 = UˆQUˆC |Ψi〉 , (17)
contains off-diagonal terms, and therefore our ability to
distinguish the presence of α from the possible presence of
β is hindered. However, by carefully choosing our initial
state, we can find a diagonal quantum Fisher covariance
matrix with large diagonal terms. Introducing the col-
lective spin operators Jˆk =
1
2a
†σka, where a = (aˆ, bˆ)T
and σk is the kth Pauli matrix, and denoting |mk〉 as
the eigenstate of Jˆk with eigenvalue mk, we find that the
state
|Ψi〉 = 1√
2
[
|0z〉+ 1√
2
(|(N/2)z〉+ |(−N/2)z〉)
]
, (18)
leads to a quantum Fisher covariance matrix with ele-
ments Fα,α = N
4/4, Fβ,β = 2N
2, and Fα,β = Fβ,α = 0.
This state is shown in Fig. 2. The lack off-diagonal terms
means that the matrix is trivial to invert, and we should
be able to infer the presence of a non-zero α as long as
α &
1√
kFα,α
=
2√
kN2
, (19)
where k is the number of repetitions of the experiment.
We note that as this state is a superposition of maxi-
mal and minimal eigenstates of Aˆ, it is the state that
maximises Fα,α for N particles.
4FIG. 2. The Husimi-Q function Q(θ, φ) for the state given in Eq. (18) (a) and Eq. (21) (b). The Husimi-Q function is defined
as Q(θ, φ) = |〈ξ(θ, φ)|Ψ〉|2, where |ξ(θ, φ)〉 = exp(iφJˆz) exp(iθJˆx)|(N/2)z〉 is a coherent spin state. The projection into the Jˆx,
Jˆy and Jˆz basis are also shown for Eq. (18) (c, e, g) and Eq. (21) (d, f, h) respectively.
The question remains how to engineer this state, and
to find a measurement scheme that saturates the Quan-
tum Cramer-Rao bound (QCRB) [32–35]. While stan-
dard atom-optics techniques cannot easily produce Eq.
(18), we can create a state that performs nearly as well
via the well-studied one-axis twisting (OAT) technique
[36–43]. In particular, we envisage a controllable one-axis
twisting interaction via an optically induced nonlinearity
as demonstrated in [40, 44–46]. Starting with all the par-
ticles in mode |a〉, ie, |Ψ0〉 = (aˆ†)N/
√
N !|0〉 = |(N/2)z〉,
and applying pi/2 rotation about the Jˆx axis, followed
by a one-axis twisting interaction for period τ , followed
by a second pi/2 rotation results in the state preparation
unitary
Uˆ0 = exp(iJˆx
pi
2
) exp(iχτJˆ2z ) exp(iJˆx
pi
2
) . (20)
Setting χτ = pi4 gives the state shown in Fig. 2 b, which
is
|Ψi〉 = Uˆ0|Ψ0〉 = N eiN2 pi
(
|ηx〉+ e−i 3pi4 |ηz〉
)
, (21)
where
|ηx〉 = 1√
2
(|(N/2)x〉+ |(−N/2)x〉) , (22a)
|ηz〉 = 1√
2
(
|(N/2)z〉 − eiN2 pi|(−N/2)z〉
)
, (22b)
and the normalisation factor N ≈ 1√
2
as a result of
|〈ηx|ηz〉| ≪ 1 for N ≫ 1. This state has Fα,α =
N4/4−O(N3), Fβ,β = 2(N2 +N), and Fα,β = 0. How-
ever, the task remains to find a measurement that satu-
rates the QCRB. That is, the obtainable sensitivity from
a particular measurement is given by the diagonal terms
of the covariance matrix, which can be calculated from
the inverse of the classical Fisher information matrix
∆α2 =
[F−1]
α,α
, (23)
where F is the classical Fisher information matrix with
elements
Fij =
∑
m
∂iPm∂jPm
Pm
. (24)
Following [47–49], we can saturate the QCRB by apply-
ing the unitary operator Uˆ2 = Uˆ
†
0 after the interrogation
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FIG. 3. (a) The projection into the Jˆz basis, P (Jz) for the
state |Ψf 〉 = Uˆ
†
0
UˆQUˆC Uˆ0|Ψ0〉, for α = 0, β = 0. (b) ∂αP (Jz)
for α = 10−8 ≪ 1/
√
Fα,α. (c) ∂βP (Jz) for β = 10
−8 ≪
1/
√
Fβ,β. N = 100 for all frames.
time, and then measuring in a basis that projects into
|Ψ0〉, which can be achieved by measuring in the Jˆz ba-
sis. This results in a classical Fisher covariance matrix
with elements Fij = Fij , and therefore we can achieve
the sensitivity given by Eq. (19). To illustrate how the
effect of two potential models of gravity can be distin-
guished, figure 3 shows ∂kPmz for k = α, β. A small,
non-zero value of α results in transfer of probability from
PN/2 to P−N/2, while a small, non-zero value of β results
in transfer to a distribution of values around mz ≈ 0.
III. EFFECTS OF DE-COHERENCE
Another potential effect that our measurement must
be able to discriminate is the possibility that the gravi-
tational field causes decoherence [6–8, 15, 50]. That is,
superpositions of different gravitational source configu-
rations suffer de-phasing. We must also allow for the
possibility of other unaccounted sources of decoherence,
as this could cause a signature in the detection signal that
is falsely attributed to a non-zero value of α. We account
for the possibility of decoherence (due to gravitational or
other effects) phenomenologically by introducing an ad-
ditional parameter or unknown magnitude δΓ, such that
the effect of the de-phasing interaction on our initial state
is IG [ρˆi] = exp(δΓL[Γ])ρˆi ≡ ρˆ, where
L[Γˆ]ρˆi = ΓˆρˆiΓˆ− 1
2
(
Γˆ2ρˆi + ρˆΓˆ
2
)
, (25)
such that
ρˆ =
∑
n
∑
m
exp(−δΓ(λn − λm)2) |n〉〈n| ρˆi |m〉〈m| , (26)
where ρˆi = |Ψi〉〈Ψi|, and Γˆ|n〉 = λn|n〉 [51–53]. By set-
ting Γˆ = Aˆ, the eigenstates represent states with well-
defined gravitational interaction energy. That is, off-
diagonal terms representing superpositions of states with
a large difference in their gravitational interaction en-
ergy will suffer greater decoherence. Another possibility
is that it is just superpositions of the source potential,
rather than the total interaction energy that decohere,
which could be accounted for by setting Γˆ = Jˆz. This
choice of Γˆ would also describe decoherence due to the
presence of a fluctuating field interacting with a non-
vanishing difference in the magnetic dipole moment of
the two atomic species.
While it is challenging to compute the full quan-
tum Fisher covariance matrix including δA and δJz , it
is straight-forward to numerically compute the classical
Fisher covariance matrix. Unfortunately, the state prepa-
ration and measurement procedure presented in the pre-
vious section (Uˆ2 = Uˆ
†
0 , followed by measurement in the
Jˆz basis) leads to a non-diagonal Fisher covariance ma-
trix for the parameters α, β, δA and δJz . In fact, setting
Γˆ = Aˆ, results in ∂δAP (Jz) with nearly identical profile
to ∂αP (Jz). Fortunately, an alternate choice of Uˆ2 reme-
dies the situation. Specifically, choosing Uˆ2 = Uˆ0 (rather
than Uˆ †0 ) and computing the Fisher covariance matrix
numerically results in values of Fα,k ≪ Fα,α for k 6= α,
and as such can be inverted to find [F ]−1α,α ≈ Fα,α. In
figure 4 we show P (Jz) and ∂kP (Jz) for k = α, β, δA,
and δJz . Again, we see that β, δA, and δJz give signa-
tures that are easy to distinguish from UˆQ. An additional
benefit of using Uˆ2 = Uˆ0 (rather than Uˆ2 = Uˆ
†
0 ) is that
the final state has a maximally bi-modal probability dis-
tribution and is therefore optimally robust to detection
noise such that our inference of α saturates the noisey
quantum Cramer-Rao bound, as introduced in [54].
IV. EXPERIMENTAL CONSIDERATIONS
We can estimate the magnitude of α by assuming
ua(b)(r) are Gaussian wave-packets of the form
|ua(b)(r)|2 = 1
σ3pi3/2
exp
[−(r− (+)x0xˆ)2
σ2
]
. (27)
Inserting this into Eq. (11) gives
α =
tGm2
~σ
√
pi
, (28)
where we have assumed that x0 ≫ σ such that we can
ignore the contribution from κab. Using Eq. (19), the
minimum number of particles required to observe signa-
tures of quantum gravity is then
N =
√
2~σ
√
pi√
kGm2t
. (29)
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FIG. 4. (a) The projection into the Jˆz basis, P (Jz) for the
state |Ψf 〉 = U0UQUCU0|Ψ0〉, for α = 0, β = 0. (b) ∂αP (Jz)
for α = 10−8 ≪ 1/
√
Fα,α. (c) ∂βP (Jz) for β = 10
−8 ≪
1/
√
Fβ,β. (d) ∂δAP (Jz) for Γˆ = Aˆ, and δA = 10
−8. (e)
∂δJzP (Jz) for Γˆ = Jˆz, and δJz = 10
−8 (N = 100 for all
frames).
For realistic experimental parameters, (σ = 50µm, t =
1s, k = 105) and considering 87Rb, the required number
of particles is N ≈ 5 × 109, which is 2 orders of magni-
tude more than are used in current state-of-the-art preci-
sion sensing experiments. These parameters result in an
atomic density of ∼ 4×1013 cm−3, which is considerably
less than the density in the precision atom-interferometry
experiment reported in [55]. If we consider more mas-
sive atoms such as Ytterbium, and the possibility of em-
ploying di-atomic molecules, then the required number of
particles is reduced further. Additionally, increasing the
interrogation time (t), or the number of repetitions (k)
are also not inconceivable. The number of repetitions
k = 105 equates to approximately 1 day of continuous
operation (with t = 1s), or 10 days including 10s of state
preparation time. This duration of data collection is not
uncommon in atomic squeezing experiments, such as [38],
for example. Although the preparation of exotic quan-
tum states such as Eq. (21) has not been demonstrated
in large ensembles of particles, the field is currently in a
state of rapid progress [56–59].
Obviously, when searching for such minuscule signals,
it is important to consider sources of systematic error.
Linear shifts in energy such as Zeeman and Stark shifts
due to fluctuating electric and magnetic fields, as well as
fluctuations in any confining potentials could potentially
be orders of magnitude larger than the gravitational sig-
nature. However, these shifts are all single-particle ef-
fects, and as our multi-parameter analysis reveals, with
the appropriate choice of quantum state, these effects
de-couple from the gravitational signature that we are
searching for. That is, these effects would couple into the
value of β or δJz , which cause a change in the measured
probability distribution that is entirely distinguishable
from α. A potentially much more serious issue is im-
perfect knowledge of the inter-particle interactions due
to short-range van der Waals interaction. For ultra-cold
quantum gases, these interactions are dominated by s-
wave scattering, which can be manipulated via a Fesh-
bach resonance [60], or compensated for by an optically-
induced atom-atom interaction [58]. However, any im-
perfect knowledge of the magnitude of this interaction
will contribute to a term in Eq. (10) that has the same
form as the gravitational interaction. That is, they con-
tribute to the coefficient of Aˆ and therefore are indis-
tinguishable from a change in α. To successfully perform
this experiment at the precision required to observe grav-
itational effects, the electromagnetic interaction will need
to be measured to much higher precision than the current
state-of-the-art [61]. Interestingly, the scheme provided
in this paper may be capable of a very sensitive measure-
ment of the scattering-length, and thus removing this
source of systematic error. Alternatively, as this coeffi-
cient has different scaling with σ compared to α. That
is, as gravity is a long-range force, α ∝ σ−1. However,
the magnitude of s-wave interactions that generally dom-
inate ultra-cold atomic gases scale as σ−3, so by varying
the value of σ it may be possible to isolate the two con-
tributions. That is, doubling σ reduces α by a factor of
2, but will decrease the effect of the atomic interactions
by a factor of 8.
V. DISCUSSION
It is worth discussing how a scheme involving the use
of many particles differs from the schemes proposed by
Bose et al. [19], and Marletto and Vedral [20], and how
these differences might prove advantageous. Firstly, the
use of many particles allows for a far greater space of
possible quantum states, and therefore a much greater
capacity to tailor the specific state to the particular re-
quirements. Formulating the problem in the language
of multi-parameter estimation, rather than searching for
an entanglement witness, means that, in principle, arbi-
trary small signals can be found by performing more rep-
etitions of the experiment to increase precision, assum-
7ing long-term stability can be achieved. Additionally,
the freedom in the choice of the quantum state means
that we can engineer our quantum state such that it is
maximally sensitive to the parameter of interest (in our
case, the gravitational interaction), and ensuring that
this parameter provides a signature that is distinct from
other effects. It is interesting to consider the scaling of
the scheme with the number of particles, N . Increas-
ing N not only increases the magnitude of gravitational
interaction, it also increases the ability of the quantum
state to perceive a small change. Although we are not
searching for entanglement, and therefore not directly
demonstrating entanglement mediated through the grav-
itational field, a Hamiltonian of the form Eq. (10) can
create entanglement, so proving that the gravitational
field obeys a Hamiltonian of this form is evidence that
the gravitational field can transmit entanglement. It was
recently argued by Hall and Reginatto that, depending
on how quantum-classical interactions are modelled, the
generation of entanglement through a gravitational in-
teraction is not definitive proof of non-classical gravity
[62, 63]. It’s possible that the scheme considered here
could perhaps differentiate between a broader class of
classical gravitational models than the schemes presented
in Bose et al. [19] and Marletto and Vedral [20], however,
further investigation is required.
It is worth discussing how this proposal differs from the
experimental results discussed in Altamirano et al. [15].
By considering recent high-precision atom-interferometry
experiments, they show that the observed results are in-
consistent with gravity interacting as a local operations
and classical communication (LOCC) channel, as pro-
posed by Kafri, Taylor and Milburn [7, 8], which should
cause far greater de-coherence. This decoherence is the
result of a single atom with quantum degrees of free-
dom interacting with the earth’s gravitational field, and
does not directly show that the gravitational field can
generate entanglement between two spatially separated
masses. The experiment that we propose would provide
evidence that the gravitational field can exist in a quan-
tum superposition.
In summary, we have investigated a scheme to search
for quantum signatures of gravity in ultra-cold quan-
tum gases. The use of atoms rather than quantum sys-
tems formed from particular macroscopic objects pro-
vide much greater long-term stability, a factor which
will be important when searching for such small signa-
tures. Additionally, the use of many microscopic parti-
cles and multi-parameter estimation may provide addi-
tional advantages over the previously proposed schemes.
Although it appears that the observation of quantum sig-
natures of gravitation in ultra-cold quantum gases is be-
yond the ability of current experiments, improvements in
particle number, and knowledge of the residual electro-
magnetic forces between the atoms may enable the de-
tection of effects of quantum gravity.
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